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The?  mechanism  of  thermal  ionization  of  air  behind  shock  waves 
within  a  range  of  Mach  9-12  is  considered  on  the  basis  of 
available  experimental  data  oh  the  abscrntior  of  radio  waves 
by  the  ionized-  gaseous  medium.  These  data  show,  that  the  time 
dependence  of  the  absorption  of.‘  radio  waves  is  given  by  a 
curve  with  a  maximum  which  corresponds  to  the  maximum  electron 
concentration  in  the  nonequilibrium  region.  An  analysis  of7' 
the  time  necessary  to  attain  maxima  of  the  absorption  and 
attenuation  coefficients  is  presented  on  the  basis  of  existing 
hypotheses  oh  the  mechanism  of  thermal  ionization  of  air.f  nA, 
comparison  of  tne  equilibrium  and  maximum  values  of  electron1^ 
concentration?  behind  a  shock  wave  in  air  at  a  given  pressure  ^ 
in  tabular  form,  and  shows  that  given  maximum  -ncentrations 
approach  equilibrium.  It  is  concluded  that  douole  collisions 
are  tne  leading  process  of  air  ioniiation  according  to  a  given 
reaction.  Orig.  art.  has:  1  figuri,  1  table,  and  11  formulas. 
[AT4048002] 
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ON  THE  MECHANISM  OF  THERMAL  IONIZATION 
OF  AIR 

T.  V.  Bashenova  and  Yu.  £*;  Lobastov 

The  experimental  data  on  .the  absorption  of  radio  waves  by  air 
behind  a  shock  wave  in  a  shock  tube,  introduced  in  work  [1],  were 
narrowed  down  on  a  refined  unit *  'The  results  showed  that  the  time, 
dependence  of  the  absorption  of  radio  waves  behind  the  shock  wave 
has  the  form  of  a  curve  with  a  maximum  which  reaches  pQ  *  1-2  mm  Hg 
over  20-100  us  at  M  *  9-12.  The  dimension  of  the  region  of  heated 
gas  under  these  regimes  was  15-.20  cm,  while  the  width  of  the  radio- 
wave  beam  was  no  greater  than  1-2  cm. 


In  this  work  we  analyze  the  time  for  attaining  the  absorption 
maximum,  and  the  attenuation  coefficient  of  the  radio  Waves  based  on 
existing  hypotheses  on  the  mechanism  of  thermal  air  ionization. 


The  attenuation  coefficient  (in  decibels)  was  measured 
experimentally  at  a  =  30’<5.  It  is  related  to  gas  conductivity  ,o 
at  a  low  density  of  electrons-  ng  by  relationships! 
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where:  c  =  3*109  cm/s;  e  *  ^4 . 803' 10*"10 j  m  «  9,108*  liT28;  a  -  radio- 

wave  frequency;  v:.—  impact  frequency  'of  electrons;  with  gas=  particles. 

* "  ”  *  ‘  -  \ '  v  .  * 

—  ^;lTi"deteminih'g"y^we,:use-  the^xesults-  -f p^'ineasuring _-fche-  absorption 
of  radio  waves  for  the  two  frequencies,  and  (Og. 

Values  T.  and  p  behind  the  shock,  wave  were  used  as  the  basis  for 
calculating  these  parameters  by  measured'  number  M  of  the  shock  wave 
[3D- 


At  temperatures  on  the  order  of  3000-t000oK  most  cf  the  free 
electrons  can  arise  in  air^as  a  result  of  the,  ionization  pf  NO  molecules, 

The  equilibrium  quantity  of  free  electrons  in  the  air  at.  these 
temperatures  is  determined  by  the  reaction 


NO+MsiNO+H-e+M 


This  reaction  assumes  that  the  equilibrium  concentration  of 
free  electrons  can  be  formed  in  air  after  equilibrium  con¬ 
centration  NO  (:xN0)  is  formed  during  a  time,  determined  by  the 


equation 


J-L  xt>  UfXW't  —  «o  A  «• 


Here  aQ  and  are  the  rate  constants  for  the  direct  and  reverse 
reactions.  The  constant  for  the  rate  of  the  direct  reaction  can  be 
expressed  through  the  equilibrium  constant  and  the  recombination 
constant  ai.  Value  ai  according  to  the  Thompson  theory  at,  T  *  5000°K 
and  p  s  0.1  atm  is  equal  to  1Q"°  cm  /s,  and  the  NO  concentration 
during  the  reaction  does  not  exceed  10~2.  Using,  these  data  we  can 
estimate  the  time,  for  reaching  an-  electron  concentration  close  to 
equilibrium  by  expression  (1),  When  T  =  5000°K  and  p  =  0.1  atm 
this- time  is  no  less  than  10~2  s,  i.e.,  it  is  by  two  orders  greater 
than  the  experimental  value. 
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Paster  air  ionization  can. be  obtained  from  the  reaction  in  which 
the  atoms  of  nitrogen  and  oxygen  which  have  arisen  in  the  dissociation 
of  the  air,  combine  to  .form  a  molecule  of  ionized  nitric  oxide  [4], 

.  \ 

N  +  Q«2  NO*  fc.  - 

«i 

(3) 

.  -  \ 

1 

S 

The  rate  of  formation  of  the  three  electrons  in  connection  with 
this  reaction  can  be  described  by  the  equation 

i  2 

—rr  =  at.x^s  —  «i«*„ 

dt  m 

where  is  the  constant  of  the  molecule  forming  rate  NO+J  ~ 

the  recombination  constant  N0+  +  e;  x^  and  xQ  -  the  concentrations 
of  a;tom  nitrogen  and  oxygen,  respectively 

«J  =  10'*  cm*  cck-,(51. 


As  we  see  from  equation  (3)  after  value  a1  is  substituted  in  it 

through  Kp,  the  rate  of  formation  of  electrons  is  proportional  to 

the  difference  of  the  squares  of  equilibrium  x^  and”  nonequilibrium 

x  the  electron  concentrations 
e  — 


(5) 


The  distribution  of  electrons  throughout  the  reaction  zone  behind  the 
direct  shock  can  be  obtained  by  a  numerical  Integration  of  equation 
(5)  with  consideration  of  the  dependence  of  and  on  the  non- 
equilibrium  temperature  in  the  zone. 

As  noted  in  work  [6],  in  the  zone  behind  the  shock  the  distribution 
of  atomic  nitrogen  concentrations  has  a  maximum.  In  connection  with 
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this  the  distribution  of  the  equilibrium  concentration  of  electrons 
can  have  a  maximum  at-  the  same  point. 

In^w6rlt^t5-]:  i~t  has  been  indicated  that  at  the  point  where  the 
equilibrium  concentration  of  the  electrons  has  its  maximum  the  actual 
concentration  of  electrons  also  has  a  maximum.  The  numerical  value 
of  the  electron  concentration  at  the  maximum  is  equal  to  the  equilibr 
rium  concentration  of  electrons  which  corresponds  to  the  nonequilib¬ 
rium  values  x^  and  xQ  at  the  maximal  value  x^  in  the  reaction  zone 


_ ( i  f  (**)m  (xn)m 

~  V  x,(rm) 


The  time  for  reaching  the  maximal  concentration  of  electrons 
(xe)m  is  equal  to  the  time  of  obtaining  the  maximum  concentration 
of  atomic  nitrogen  in  the  zone. 

In  the  work  of  Yu.  S.  Cayasov  [5]  a  calculation  is  given  for 
the  electron  concentration  throughout  the  zone  at  M  »  10  and 
pQ  ■  1  mm  Hg,  based  on  approximate  data  on  the  distribution  of 
concentrations  of  N  and >0  atoms  and  temperatures  assumed  in  work 
[6],  In  work  [6]  the  following  connection  between  the  atoms  of 
nitrogen  and  hydrogen  at  xQ  >>  xNQ  was  found: 

o/ktXot, 


10  e  J  '  cm  /sj  x„0  is  the  initial  concentration  of 


where  k^  ■  lO“1Oe~^0  cm^/sj  x^2  is  the  initial  concentration  of 

molecular  nitrogen;  xn  -  the  concentration  of  molecular  oxygen 

u2 

equal  to  xQ  «  Xq  -  l/2xQ>  6'  -■  T*10“^. 

In  the  approximations-  used  in  work  [6]  the  temperature  in  the 
nonequilibrium  zone  is  determined  by  the  concentration  of  atomic 


oxygen 


r«r,-65oo*0. 
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Here  T2  is  the  -temperature  directly,  behind  the  shock  ^calculated 
under  the  assumption,  of  an.  instantaneous  excitation  of  vibrations 

r  -  ^ 

and  a  frozen  dissociation.  The  concentration  of  atomic  oxygen 
in;  the  approximations  of  work  [6]  is  related  to  the  time  of  the  law; 


Xri  n  (0,2  —  x0/«)^\. 


(9) 


-8  -SQ/9 

Where  k,,  =  10  e  y \  n  -  the  total  number  of  particles.  By  means 
of  relationships  (6)  .and  (7-)  'in  work  [i»]  values  x^  of  equilibrium 
concentrations  of  electrons  at  nonequilibrium  values  x0  and  were 
calculated  for  the  coordinate  system  as  a  function  of  time.  Prom 
these  data  we  calculated  the  absorption  coefficient  of  3-centimeter 
radio  waves  a  behind  the  shock  wave  at  M  =  10  and  p0  -  1  mm  Hg. 

The  calculation  coincided  with  the  .experimental  curve.  . 


Value  a  =  O.^’IO-1  dB,  which  was  obtained  in  calculating-  from 
an  equilibrium  number  of  electrons  with  equilibrium  chemical  compo¬ 
sitions  and  temperatures,  practically  cqinciaes  with  the  value  of 
the  maximal  coefficient  of  radio  wave  absorption,  which  corresponds 
to:  the  maximal  concentration  of  electrons  in  the  nonequilibrium  zone. 


Bet.  us  estimate  the  value  of  (x^)m  at  different  M  numbers  of 
the  shock  wave  and  compare  them  with' equilibrium  values.  For  this 
let  us  use  formula  (6)  and  approximation  expressions  for  the  maximal 
concentration  xQ  and  temperature  0  from  work  [6] 


(*ol,  =  0^/230. 


(10) 


The  Results  of  calculating  the.  number  of  free  electrons  (ne)m  =  n(xe)m 
according  to  .formula  (10)  and  in-  the  case  equilibrium  )  are 
given,  below.  The  values  of  , temperature  6  for  (xe)'m;  c,ro- assumed 
e.qual  to  value  02,  since  alien.  xQ  ~  1-3" 2  sorrot  tim  tn  formula  (>8) 
changes  value  0  in  the  third  :piace. 


t 


>2+ 


i 
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* 

i 
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Value  -0^.  was  ^calculated  according  to  formula  02/8Q  *  N2, 

and'  as  in- .Work  [6]  the  values-  of  equilibrium  temperature  T*  were 
taken  from  work  C  3D  ,0s  table) . 


Comparison'  of  equilibrium  (*-)'  and' maximal  values  n  behind  shock. 

wa#e  in  air  at-pQ  »  10“3  atm.  ;  •» 


H'-  - 

_  ./-%  ; 

-  ib. 

II 

12 

•  -A. 

«*,  1 

,  <■*' 

im 
'■  5«  ijW- 

a.  lo* 

.  ! 

:  .  miV/ 

'■  2.10* 

2,0 

0,5. JO* 

3100 
2.1()«»  '• 
3,3. 
0,2.10* 

5300 

5.10'* 

4.1 

3.1C* 

3550 

3.10b 

.5,0 

2. 10*»  , 

3920 

0,58.10** 

5,9 

i.io*» 

As  we.’  see,  when  M  >  9  maximal  concentrations  behind  the  direct 
wave  become  close  to  equilibrium. 

Let  us  compare  the  time  of  attaining  the  maximum  electron  conr 
centra-tion,  obtained  in  the  experiments,  with  the  possible  time 
of  attaining  the  maximal  electron  concentrations  for  reaction  (3). 

An  estimate  of  this  time  can  be  made  according  to  formula  (9)> 
which  describes  the  time  for  establishing  the  maximal  concentration 
of  nitrogen,  atoms  in  the  equilibrium  zone 

2,6  ■  IQ**"/*. 

n,(0,2i  — 0*/460)  *  (n) 

In  the  figure  the  coordinate  system  related  to  the  shock  shows 
the  values  for  the  time  of  attaining  the  maximal  electron  concentra 
tion  referred  to  initial  pressure  for  10  mm  Hg.  The  filled  dots 
correspond  to  experimental  value  xpQ  obtained  by  us,  the  white  dots 
are  according  to  data  of  work  [8],  and  the  triangular  dots  -  to  the 
data  of  work  [7].  The  curve  has  been  drawn  based  on  calculation 
by  formula  (11). 
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Fig.  Time  of  attaining  maximal 
absorption  of  radio  waves  at 
different  M  numbers  of  the  shock 
wave.  1  -  Mannheimer  and,  Low-' 

C 5 ] ;  2-  Blackman  [8];  3  -  ENIN; 

4  -  Sayasoy  (according  to  reaction 

N+O-KOf+s) 

KEY:  (i)  p,  if.  cm  Hg  ys„ 


O', 


Cm 


•£ 

The  data  which  we  obtained  has  been  grouped  around  values  xPp>. 
calculated  according  to  formula  (11),  in  the  region  of  numbers 
M  -  9-12.  This  indicates  that  the  leading  process  in  air  ionization 
when  9  <  M  <  12  is  that  of  double  Impacts 

N  +  Ov~NO*  c. 


Bibliography. 


1.  T.  II.  tin  wen i> nn,  10.  C.  VIoCi.icTon.ilor.'iiiiiiciiiic  pnniioiiit.iii  im.viyxoM  .in  y/inp- 
nun  iio.inun.->  II  (0.:  <lnniiMecK.ni  raaoAiuinMiiKn,  Tcn/mnCMon  n  iciiAOAMiia.MUKu  ra- 
.lon  , uim  iiucoKiir.  TCMnepaTypnx.  Ilan-uo  All  f.COI\  I‘.IG2. 

2.  T.  IK  I)  a  >k  e  iu>  n  n,  IO.  f*„  J|  06a  cron.  I  liMcpciwe  iipvMcint  ycT.Hioiwicmisi  paimoncc- 
non  Koimeiirpaunu  s.icKrpouoD  sa  ynapnnrt  no.inon  n  noJAyxc.—  JIok.i,  All  CCCP,  150, 
1'lli.l, 

3.  T.  H.  HiUKcnonn,  O.  A.  ripcAnoniiTCfleii.t,  3iiancmin  napaMCTpoiiMioanyxn  aa 
npiiMUM  ck.Vmkom  yn.ioTiicnmi  n  3.1  oTpawcimoft  yAapnoti  uoaiioiI  iipn  pnniiooccnofi  n 
anMopowcinVon  AiiccounamiM.— B  cO.:  (piijimccKan  rajoAHiisMima  11  -rcnAooOMcii,  IHa-bo 
AH  CCCP,  I >101. 

4.  S.  I  In,  W.  Fi  I  e.Pliys.  fluids,  4,  N  2.  1961. 

5.  10.  C.  C  a  n  c  o  n.  O  kiiiictiikl'  nomnamm  3a  npimoft  yAspnoil  DOAiioft  a  BoJAyxc.— 
/Ioka.  AH  CCCP,  146,  1962. 

6.  10.  C.  C  a  n  c  o  s.  0  wmexiiKe  okucfltniin  330T8  d  npRMOft  yAapiioft  boahc.—  FIMTO, 


.\V  I.  1962. 

7.  J.  M  a  n  n  l>  e  1  m  « r  •  T I  m  n  a  t,  W.  L  0  w.  J.  Fluid.  Mcch„  6,  449,  1959. 

8.  B.  Nlblett,  V.  Blackman n.  J.  Fluid.  Mcc„  4,  191,  1958. 

9.  S.  LI  n,  J.  Tcarc.  Phys.  Fluids,  6.  to  3,  1963. 


FTD-MT-24-1393-71 


7 


W* 


